BACKGROUND: Combined targeting of MAPK and PI3K signalling pathways may be necessary for optimal therapeutic activity in cancer. This study evaluated the MEK inhibitors AZD6244 and PD0325901, alone and in combination with the dual mTOR/PI3K inhibitor NVP-BEZ235 or the PI3K inhibitor GDC-0941, in three colorectal cancer cell lines. METHODS: Growth inhibition, survival and signal transduction were measured using the Sulforhodamine B assay, clonogenicity and western blotting, respectively, in HCT116, HT29 and DLD1 cell lines. RESULTS: All MEK/PI3K inhibitor combinations exhibited marked synergistic growth inhibition; however, GDC-0941 displayed greater synergy in combination with either MEK inhibitor. NVP-BEZ235 exhibited stronger inhibition of 4EBP1 phosphorylation, and similar inhibition of S6 and AKT phosphorylation, compared with GDC-0941. Both PD0325901 and AZD6244 inhibited ERK phosphorylation, and with MEK/PI3K inhibitor combinations inhibition of S6 phosphorylation was increased. The reduced synergy exhibited by NVP-BEZ235 in combination with MEK inhibitors, compared with GDC-0941, may be due to inhibition of mTOR, and the addition of the mTORC1/2 inhibitor KU0063794 compromised the synergy of GDC-0941:PD0325901 combinations. CONCLUSION: These studies confirm that dual targeting of PI3K and MEK can induce synergistic growth inhibition; however, the combination of specific PI3K inhibitors, rather than dual mTOR/PI3K inhibitors, with MEK inhibitors results in greater synergy.
Targeted anticancer treatments are an important and evolving new approach to cancer therapy and, in order to treat tumours with defects in multiple oncogenic pathways, combinations of targeted agents are being actively investigated.
In the MAPK pathway, which is commonly activated in human cancers, receptor tyrosine kinase (RTK) activation causes phosphorylation of Ras via adaptor proteins. Ras then activates the Raf-MEK-ERK kinase cascade, and ERK phosphorylation leads to the activation of 4100 downstream substrates involved in a myriad of cellular processes such as proliferation, survival, transformation, translational control and cytoskeletal rearrangements. This pathway can become constitutively activated by overexpression or mutation of RTKs, and mutations of Ras, especially the KRas isoform (Bos, 1989) , and Raf, typically in BRaf at V600E (Davies et al, 2002) . Hence, small molecule inhibitors targeted against this pathway have been developed. Allosteric inhibitors of MEK are particularly promising as they exhibit marked selectivity for MEK over other protein kinases. The cellular effects of MEK inhibitors are primarily cytostatic and thus reversible (Kohno and Pouyssegur, 2006) . The benzimidazole derivative AZD6244 (ARRY-142886, Selumetinib) has exhibited promising selective anticancer efficacy in vitro and in vivo (Davies et al, 2007; Yeh et al, 2007) , and was well tolerated in phase II clinical trials (Bodoky et al, 2011) . In contrast, PD0325901, a structural analogue of CI-1040 with improved pharmacological and biopharmaceutical properties (Barrett et al, 2008) , was associated with adverse effects, such as retinal vein occlusion (Haura et al, 2010) , despite promising in-vitro and in-vivo preclinical activity (Liu and Xing, 2008; Hennig et al, 2010) .
The PI3K/AKT pathway also has a central role in a range of cellular responses such as survival, proliferation, metabolism and growth, and is commonly deregulated in human cancers. Receptor tyrosine kinase activation causes phosphorylation of PI3K via adaptor proteins, and PI3K then phosphorylates PIP 2 to PIP 3 , causing AKT activation via two crucial phosphorylation events at threonine 308 catalysed by PDK1 and at serine 473, which may be catalysed by mTORC2 (Sarbassov et al, 2005) . AKT recognises and phosphorylates many cytoplasmic and nuclear substrates to control numerous crucial cellular functions. Genetic aberrations of PI3K pathway components, such as PTEN loss, PI3K amplification/ mutation, AKT mutation or RTK activation, cause constitutive signalling of the PI3K-AKT pathway leading to tumourigenesis (Yuan and Cantley, 2008) ; hence, PI3K pathway inhibitors have been developed. The dual pan PI3K/mTOR inhibitor, NVP-BEZ235, inhibits cellular proliferation both in vitro and in vivo and is currently undergoing phase I/II clinical trials Serra et al, 2008; Baumann et al, 2009) . The thienopyrimidine PI3K inhibitor, GDC-0941, preferentially inhibits the a and d p110 isoforms of PI3K over the b and g isoforms in an ATP-competitive manner, has potent preclinical tumour growth inhibitory activity, and has recently entered phase I trials (Folkes et al, 2008; Maira et al, 2009; Raynaud et al, 2009) .
As the PI3K/AKT and MAPK pathways are major survival and proliferative signalling pathways, respectively, and are commonly Revised 30 January 2012; accepted 16 February 2012; published online 13 March 2012 constitutively activated in cancer, simultaneous inhibition of these pathways by combined MEK and PI3K inhibition may be required for optimal antitumour activity (Kohno and Pouyssegur, 2006) . Additionally, mechanistic data suggest that crosstalk exists between the MAPK and PI3K pathways, and thus to achieve maximal effects inhibition of both pathways may be necessary (Ma et al, 2005 (Ma et al, , 2007 . In-vitro studies using dual pharmacological inhibition of these pathways have shown that combination treatment augments antiproliferative activity, for example, with combinations of the MEK inhibitor PD0325901 with the PI3K inhibitor LY294002 (Liu and Xing, 2008) , or the MEK inhibitors CI-1040 and UO126 with the PI3K inhibitors WAY-266176 and WAY-266175 (Yu et al, 2008) . However, in-vivo combination studies exhibited the most impressive results, for example, synergistic regression was achieved using the PI3K inhibitor NVP-BEZ235 and the MEK inhibitor AZD6244 in mice with KRAS-G12D-induced lung tumours or EGFR mutant tumours (Engelman et al, 2008; Faber et al, 2009 ).
In the study described here, combinations of the MEK inhibitors AZD6244 or PD0325901, and the dual mTOR/PI3K inhibitor NVP-BEZ235, or the pan class I PI3K inhibitor GDC-0941, exhibited marked synergistic growth inhibition against human tumour cell lines. However, GDC-0941 produced greater synergy in combination with either MEK inhibitor. Western blotting revealed marked inhibition of 4EBP1 phosphorylation with NVP-BEZ235 alone and in combination, whereas there was minimal inhibition with GDC-0941, suggesting that the dual mTOR/PI3K inhibitory activity of NVP-BEZ235 may underlie its ability to inhibit 4EBP1 phosphorylation. Studies using the mTORC1/2 inhibitor KU0063794 in combination with GDC-0941, confirmed that the decreased synergy exhibited by NVP-BEZ235 in combination with MEK inhibitors, compared with GDC-0941, was due to mTOR inhibition, as low concentrations of KU0063794 were sufficient to compromise the synergy of GDC-0941 with a MEK inhibitor.
MATERIALS AND METHODS

Cell lines and reagents
HCT116 (KRas mutant, PIK3CA mutant), DLD1 (KRas mutant, PIK3CA mutant) and HT29 (BRaf mutant, PIK3CA mutant) human colorectal cancer cells were obtained from the American Type Culture Collection, were grown in RPMI-1640 medium (supplemented with 10% (v/v) fetal bovine serum, 1% (v/v) penicillin (50 U ml À1 ) -streptomycin (50 mg ml À1 ) and 2 mM L-glutamine) and confirmed free of mycoplasma contamination by regular testing with Mycoalert (Cambrex, Charles City, IA, USA).
Inhibitors
The PI3K inhibitors NVP-BEZ235 and GDC-0941, and the MEK inhibitors AZD6244 and PD0325901, were kindly supplied by UCB Celltech, Slough, Berkshire, UK. The mTORC1/2 inhibitor KU0063794 was purchased from Selleck Chemicals, Houston, TX, USA. All drugs were dissolved in dimethyl sulphoxide (DMSO) to allow addition to cell cultures at a final concentration of 0.5% (v/v) DMSO, and were stored frozen under light-protected conditions at À20 1C.
Growth inhibition assay
Growth inhibition was measured using the Sulforhodamine B (SRB) method as described previously (Skehan et al, 1990) , and in Supplementary Materials and Methods.
Cytotoxicity assay
Clonogenic assays were performed as described previously (Kyle et al, 2008) , and in Supplementary Materials and Methods.
Western blotting
Western blots were prepared and developed as described in Supplementary Materials and Methods.
RESULTS
PI3K and MEK inhibitors are synergistic in combination
The growth inhibitory activity of the PI3K inhibitor GDC-0941, the PI3K/mTOR inhibitor NVP-BEZ235, the mTOR inhibitor KU0063794 and the MEK inhibitors AZD6244 and PD0325901, in HCT116, DLD1 and HT29 cells was measured using the SRB assay (Supplementary Figure S1) . All five drugs achieved 475% growth inhibition in the three colorectal cell lines. The results were used to determine the half maximal growth inhibitory concentration (GI 50 ) of the five drugs after 72 h exposure. PD0325901 was the most potent MEK inhibitor with GI 50 values of 21, 1460 and 6.5 nM, compared with 312, 4973 and 29 nM with AZD6244 in the HCT116, DLD1 and HT29 cell lines, respectively. The dual PI3K/mTOR inhibitor NVP-BEZ235 was a markedly more potent inhibitor of growth than either the PI3K inhibitor GDC-0941 or the mTOR inhibitor KU0063794; GI 50 values of 21, 7.2 and 9.4 nM with NVP-BEZ235 compared with 1081, 1070 and 157 nM with GDC-0941 and 767, 568 and 402 nM with KU0063794 in the HCT116, DLD1 and HT29 cell lines, respectively.
Studies were then performed to determine the effect of combined PI3K and MEK inhibitor treatment on HCT116 and HT29 cell growth over 72 h. The PI3K and MEK inhibitors were used alone at 0.25Â , 0.5Â , 1Â , 2Â and 4Â their respective GI 50 concentration, and at equipotent concentrations at the same ratios in combination. Figure 1 illustrates that, for all four pairs of inhibitors, the combinations were markedly more growth inhibitory than either compound alone, reducing growth to o10% of control at the highest concentrations. Additionally, there appeared to be greater growth inhibition when GDC-0941 was combined with either MEK inhibitor, compared with the combinations with NVP-BEZ235.
Data were evaluated by median effect analysis (CalcuSyn, Biosoft, Great Shelford, UK) to determine whether the greater growth inhibitory activity of the combinations reflected an additive or a synergistic effect. All combinations of PI3K and MEK inhibitors were synergistic when combined at the GI 50 concentration compared with the compounds alone; however, despite NVP-BEZ235 being a more potent PI3K inhibitor, GDC-0941 displayed greater synergy when combined with either MEK inhibitor at a constant ratio of their respective GI 50 values in the HCT116 and HT29 cell lines (Figure 2 ; Supplementary Table S1). Similar results were obtained when NVP-BEZ235 and GDC-0941 were combined with PD0325901 in DLD1 cells (Supplementary Figure S2 ; Supplementary  Table S2 ).
PI3K and MEK inhibitors alone and in combination are predominantly cytostatic
Cell survival after exposure to the PI3K inhibitors NVP-BEZ235 and GDC-0941, and the MEK inhibitors AZD6244 and PD0325901, was measured using a clonogenic cytotoxicity assay. As a single agent, only NVP-BEZ235 showed significant cytotoxicity at 10 mM, 97% cell kill in the HCT116 cell line and 82% in the HT29 cell line; however, the mean lethal concentration (LC 50 ) of 0.5 mM NVP-BEZ235 in both cell lines was X20-fold higher than the corresponding GI 50 values. The three other compounds induced o50% cell death after 72 h treatment at 10 mM (Supplementary Figure S3) .
The cytotoxicity of the PI3K and MEK inhibitors in combination after 72 h treatment was also determined. However, as only NVP-BEZ235 produced 450% cytotoxicity at 10 mM, it was not possible to determine the LC 50 value of all of the compounds, and hence 10 mM GDC-0941 was combined with 10 mM AZD6244 or 10 mM PD0325901, concentrations above 10 mM not being pharmacologically relevant. In contrast, as NVP-BEZ235 did display cytotoxicity as a single agent, it was combined with 10 mM of the MEK inhibitors at 0.1 mM, the highest non-toxic concentration of single agent NVP-BEZ235, as well as at cytotoxic concentrations of 1 and 10 mM. There was no significant difference in cytotoxicity when the PI3K and MEK inhibitors were combined, compared with the cytotoxicity induced by the drugs as single agents, in the HCT116 cell line or with most combinations in the HT29 cell line. However, the combination of 10 mM GDC-0941 with 10 mM of either MEK inhibitor, and the combination of 0.1 mM NVP-BEZ235 with 10 mM PD0325901 only, did display a statistically significant increase in cytotoxicity in the HT29 cell line (Supplementary Figure S4) . Overall, while the synergistic interaction of the PI3K and MEK inhibitors resulted in enhanced cell growth inhibition, there was no consistent increase in cytotoxicity.
Combinations of PI3K and MEK inhibitors enhance phosphorylation of S6 but have no clear or consistent effects on ERK or 4EBP1 phosphorylation
The effect of 24-h exposure to the PI3K inhibitors NVP-BEZ235 and GDC-0941, and the MEK inhibitors AZD6244 and PD0325901, both as single agents and in combination, was investigated by western blotting to determine the effect on the PI3K/AKT signalling pathway, using total and phospho-specific antibodies for AKT, S6 and 4EBP1. The effect on MAPK signalling was studied using total and phospho-specific antibodies for ERK, and the compounds were used as single agents at their respective GI 50 concentrations and at 10Â the GI 50 concentration. Figure 3 shows that at 24 h ERK phosphorylation was almost completely inhibited by both PD0325901 and AZD6244 at 1Â and 10Â the GI 50 concentration in the HCT116 cell line, whereas inhibition of ERK phosphorylation was only observed at 10Â the Figure S1 , for 24 h. Cell lysates were subjected to electrophoresis, followed by western blotting using the indicated phosphospecific antibodies. Blots were then stripped and reprobed with the corresponding total antibody to confirm equal protein loading. Data shown are representative of X3 independent experiments.
GI 50 value in the HT29 cell line with both the MEK inhibitors. The effects of the PI3K inhibitors on AKT phosphorylation at the time point and concentrations studied was limited as NVP-BEZ235 caused no inhibition in either cell line, and there was only inhibition at 10Â the GI 50 value with GDC-0941 in the HCT116 cell line. In contrast, S6 phosphorylation was markedly inhibited by both NVP-BEZ235 and GDC-0941 in both cell lines. Overall, equipotent growth inhibitory concentrations of the PI3K and MEK inhibitors appear to cause stronger inhibition of the PI3K/mTOR and MAPK signalling pathways, respectively, in the HCT116 cell line than in the HT29 cell line at 24 h. The inhibition of 4EBP1, however, was dependent on the PI3K inhibitor rather than the cell line, as NVP-BEZ235 clearly inhibited 4EBP1 phosphorylation at 10 Â the GI 50 value in both cell lines whereas GDC-0941 showed minimal, if any, inhibition (Figure 3) . The compounds were then used as single agents or in combination at 0.1Â , 1Â and 10Â their respective GI 50 concentrations using PD0325901 as a representative MEK inhibitor. Table 1 and Supplementary Figure S5 show that there were no major differences between the inhibition of ERK phosphorylation by PD0325901, alone or in combination, in the HCT116 cell line, as pERK was reduced at the GI 50 value and completed inhibited at 10Â the GI 50 value, regardless of the presence or absence of the PI3K inhibitor. At 1Â and 10Â GI 50 , there was no inhibition of ERK phosphorylation by PD0325901 alone in the HT29 cell line; however, there was an increase in the inhibition of ERK phosphorylation when PD0325901 was combined with either PI3K inhibitor.
Inhibition of AKT phosphorylation, by the inhibitors alone or in combination, was not pronounced, as there was only inhibition with GDC-0941 in HCT116 cells, but no increase in inhibition with the combination of GDC-0941 and PD0325901 at 10Â the GI 50 value in either cell line. However, there was an increase in the inhibition of AKT phosphorylation when PD0325901 was combined with NVP-BEZ235 at 10Â the GI 50 value in HCT116 cells. In contrast to AKT, inhibition of S6 phosphorylation was pronounced, as combinations of PD0325901 with either PI3K inhibitor at 1Â or 10Â the GI 50 value completely inhibited S6 phosphorylation in both cell lines, showing an increase in inhibition over that observed with the PI3K inhibitor alone where it had not already caused complete inhibition (Table 1 ; Supplementary Figure S5) . Loss of the phospho-4EBP1 signal was observed when NVP-BEZ235 was used, both alone and in combination, at 10Â the GI 50 , in both cell lines. However, GDC-0941 alone had no effect on 4EBP1 phosphorylation, and only a minor effect was observed in combination with PD0325901 in HT29 cells. Overall, the combination of the MEK inhibitor PD0325901 with either PI3K inhibitor resulted in enhanced inhibition of S6 phosphorylation in both cell lines, and increased the inhibition of AKT phosphorylation in combination with NVP-BEZ235 but not with GDC-0941 in the HCT116 cell line. However, importantly, the combinations had no clear or consistent impact on ERK or 4EBP1 phosphorylation over that produced by the agents alone.
The mTORC1/2 inhibitor KU0063794 compromises the synergy of GDC-0941/PD0325901 combination
The main difference between the two PI3K inhibitors was the ability of NVP-BEZ235, as opposed to GDC-0941, to inhibit 4EBP1 phosphorylation, presumably as a result of direct mTOR inhibition. Hence, it was hypothesised that addition of an mTORC1/2 inhibitor would compromise the synergy observed with the pan PI3K inhibitor GDC-0941. Using median effect analysis, the mTORC1/2 inhibitor KU0063794 was found to produce similar synergy in combination with either MEK inhibitor to that observed with NVP-BEZ235, and interestingly was also found to be synergistic with GDC-0941. However, conversely, KU0063794 was antagonistic in combination with NVP-BEZ235, consistent with both compounds acting on the same target (Supplementary Figure  S6 ; Supplementary Table S3) . Additionally, western blotting revealed that the combination of GDC-0941 and KU0063794 inhibited the phosphorylation of 4EBP1 and S6 to a similar extent to that caused by single agent NVP-BEZ235 in HCT116, DLD1 and HT29 cell lines (Supplementary Figure S7) . A GI 50 value was then determined for the combination of GDC-0941 or NVP-BEZ235 with KU0063794 (data not shown), and these mixed PI3K and mTOR inhibitor combinations were then combined with PD0325901, to determine the effect of dual PI3K/ mTOR inhibition on MEK inhibitor synergy. Figure 4 and Supplementary Table S4 indicate that the addition of the mTOR inhibitor compromised the synergy of GDC-0941 and PD0325901 combinations, compared with the GDC-0941/PD0325901 combination alone (Figures 1 and 2 ; Supplementary Table S1).
To confirm the impact of adding an mTOR inhibitor on the synergistic interaction of GDC-0941 and PD0325901, different 
Abbreviation: GI 50 ¼ half maximal growth inhibitory concentration. The effects of GDC-0941 or NVP-BEZ235, alone and in combination with PD0325901, on MAPK and PI3K/AKT signal transduction in the HCT116 and HT29 cell lines were summarised from data in Supplementary Figure S5 . Data are presented as the effect of the most potent single agent, that is, the PI3K or MEK inhibitor, alone with the arrow pointing to the effect of the combination. Effects on protein phosphorylation are summarised as: À, no effect; +, minimal inhibition; ++, moderate inhibition; +++, complete inhibition. molar ratios of GDC-0941 to KU0063794, from 0.01 : 1 to 10 000 : 1, were used in combination with PD0325901 and synergy was evaluated using median effect analysis. The data were then analysed using Spearman's Rank Correlation analysis, which demonstrated a statistically significant positive correlation between increasing ratios of GDC-0941 to KU0063794 in combination with PD0325901, with synergy in the HCT116 and DLD1 cell lines plateauing at ratios X100 : 1 GDC-0941:KU0063794 ( Figure 5 ; Supplementary Tables S5 and S6 ). Data for the HT29 cell line were more variable; however, there was again a statistically significant impact of KU0063794 on the synergy of GDC-0941 and PD0325901 combinations ( Figure 5 ; Supplementary Table S7) . Together, these data demonstrate that even submicromolar concentrations of KU0063794 are sufficient to compromise the synergy of the GDC-0941 and PD0325901 combinations in all three cell lines studied.
DISCUSSION
Numerous targeted small molecule inhibitors are being developed as a new approach to cancer therapy; however, as tumours often have defects in multiple signalling pathways single agent antitumour activity is modest thus combination treatment is being investigated. The current study has shown that the PI3K inhibitors NVP-BEZ235 and GDC-0941 are synergistic in combination with the MEK inhibitors PD0325901 and AZD6244. However, despite NVP-BEZ235 being a more potent PI3K inhibitor, GDC-0941 showed greater synergy in combination with either MEK inhibitor. Previous studies using a variety of cell lines report data consistent with the GI 50 values determined here for the PI3K inhibitors NVP-BEZ235 and GDC-0941, and the MEK inhibitors AZD6244 and PD0325901 (Yeh et al, 2007; Folkes et al, 2008; Maira et al, 2008; Hennig et al, 2010) , and differences between compounds in relative growth inhibitory potencies are related to the cellular pharmacology, that is, potency and specificity of kinase inhibition, and/or cellular uptake and retention. The PI3K inhibitors are structurally different, and inhibit PI3K family enzymes with different potencies. NVP-BEZ235 is equipotent for mTOR and PI3K , whereas GDC-0941 is 10-fold less active against mTOR in both absolute and relative terms (Folkes et al, 2008) . Thus, the increased cell growth inhibitory activity of NVP-BEZ235 may be related to its ability to inhibit mTOR ). In addition to mTOR, NVP-BEZ235 potently inhibits DNA-PK and class II PI3Ks, which may also increase its ability to inhibit cell growth (Kong et al, 2009 (Kong et al, , 2010 . In contrast to the PI3K inhibitors, although AZD6244 and PD0325901 Figure S1 ), alone or in combination for 72 h, and an SRB assay was subsequently performed. Data are presented as a percentage of the control, in which cells were treated with 0.5% (v/v) DMSO. Points represent the mean of three independent experiments±standard error and lines were fitted using non-linear regression analysis. (B) Interaction of the combinations. Median effect analysis (CalcuSyn software) was used to evaluate the interaction between the inhibitor combinations. Points represent the mean of three independent experiments ± standard error. Horizontal dotted lines indicate the boundaries for each interaction classification.
are structurally similar and highly selective for MEK they nevertheless exhibit different potencies for both MEK and cell growth inhibition (Yeh et al, 2007; Barrett et al, 2008) . All the MEK and PI3K inhibitor combinations tested in this study displayed marked synergistic growth inhibitory activity, which is consistent with other in-vitro data in which, for example, PD0325901 exhibited synergy with the PI3K inhibitor LY294002 (Liu and Xing, 2008) , and the MEK inhibitors CI-1040 and UO126 showed augmented growth inhibition when combined with the PI3K inhibitors WAY-266175 and WAY-266176 (Yu et al, 2008) . However, a novel aspect of this study is the observation that GDC-0941 exhibits stronger synergy than NVP-BEZ235 in combination with either MEK inhibitor at equipotent concentrations, which suggests that the mTOR inhibition exhibited by NVP-BEZ235 may limit synergistic growth inhibitory activity when combined with MEK inhibitors. As both the PI3K and MAPK pathways inhibit TSC2, which is directly upstream of mTORC1 (Ma et al, 2005) , the increased synergy exhibited by PI3K and MEK inhibition may be due to increased inhibition of mTORC1. Thus, the ability of single agent NVP-BEZ235 to potently inhibit mTOR may account for the decreased synergy observed in combination with a MEK inhibitor.
Whereas all of the compounds were growth inhibitory, only NVP-BEZ235 was cytotoxic to HCT116 and HT29 cells, with an LC 50 of 0.5 mM, which could be due to the inhibition of mTOR either alone or in combination with PI3K. These results are consistent with other studies, for example, NVP-BEZ235 was found to be cytotoxic to breast cancer cell lines (Serra et al, 2008) , whereas MEK inhibitors were reported to be cytostatic (Kohno and Pouyssegur, 2006) . However, another study reported that AZD6244 caused apoptosis in some human tumour xenografts but did not in others, which is suggested to be due to differences in ERK substrate expression or differential cell signalling networks in tumour cells (Davies et al, 2007) . Hence, overall, these data suggest that the cytotoxicity exhibited by MEK and PI3K inhibitors depends on the cell line used; consistent with the view of Maira et al, who noted that cell death induction is not always observed with NVP-BEZ235 , and that PTEN-null cell lines are potentially more susceptible to the cytotoxic effects of the compound .
The marked synergy observed in the growth inhibition studies did not translate into cytotoxicity, as the effect of the combinations was no greater than that observed with the compounds alone in the HCT116 cell line, although some combinations involving GDC-0941 in combination with either MEK inhibitor and the lowest concentration of NVP-BEZ235 in combination with PD0325901 did show a small and statistically significant difference in cytotoxicity in HT29 cells. Where enhanced cytotoxicity was observed this could be due to increased inhibition of mTORC1 as combined inhibition of both pathways relieves the AKT-and ERKmediated inhibition of TSC2 (Ma et al, 2005) . However, this mTORC1 inhibition by the combinations may be incomplete in comparison with NVP-BEZ235, which would explain why there was no statistically significant increase in cytotoxicity in the HCT116 cell line. In contrast to the results in the HCT116 cell line, one in-vitro study concluded that combined inhibition of PI3K and ERK, induced by PIK3CA downregulation and PD0325901, respectively, was at least in part due to the induction of cell death (Wee et al, 2009) , and an in-vivo study in mice with tumours carrying PI3K and Ras mutations demonstrated synergistic tumour regression with NVP-BEZ235 and AZD6244 (Engelman et al, 2008) . However, the effect of gene downregulation is potentially different to the effects of small molecule inhibition, and in in-vivo studies processes such as antiangiogenic effects may also be important determinants of response, as suggested by Maira et al (2009) .
In the cell signalling investigations, PD0325901 completely ablated ERK phosphorylation at 21 and 6.5 nM, whereas 312 and 29 nM AZD6244 were required to produce substantial inhibition of ERK phosphorylation in the HCT116 and HT29 cell lines, respectively, consistent with the relative growth inhibitory potencies of the compounds. These results are similar to previous reports that ERK phosphorylation was completely inhibited by 200 nM AZD6244 in all cell lines tested (Yeh et al, 2007) . Interestingly, the range of the growth inhibitory effects of PD0325901 and AZD6244 (15-fold and 5-fold in the HCT116 and HT29 cell lines, respectively) is consistent with the relative potencies of the compounds as MEK inhibitors, implying that any differences in cellular uptake or retention do not affect relative growth inhibitory activity. Importantly, the use of PD0325901 in combination with either PI3K inhibitor demonstrated that there were no marked effects on ERK phosphorylation that could not be ascribed to the effects of PD0325901 alone.
The dual PI3K/mTOR inhibitor NVP-BEZ235 potently inhibited S6 phosphorylation, a well-defined downstream target of both PI3K and mTOR in the PI3K/AKT signalling pathway, consistent with a study by Serra et al (2008) ; in which S6 phosphorylation Figure 5 Relationship between the PI3K inhibitor (GDC-0941): mTORC1/2 inhibitor (KU0063794) concentration ratio and synergy with the MEK inhibitor PD0325901 in the HCT116, DLD1 and HT29 cell lines. Cells were treated with the PI3K inhibitor GDC-0941 alone, the mTORC1/2 inhibitor KU0063794 alone or the indicated ratios of the two inhibitors together, in combination with the MEK inhibitor PD0325901 for 72 h, and an SRB assay was subsequently performed. Median effect analysis (CalcuSyn software) was used to evaluate the interaction between the inhibitor combinations. Points represent the mean of the combination index at 1 Â the GI 50 concentration for the HCT116 and HT29 cell lines, and 0.5 Â the GI 50 concentration for the DLD1 cell line, of three independent experiments ± standard error. Correlation (r) and significance (P) were calculated using two-tailed Spearman's Rank Correlation analysis.
was suppressed by NVP-BEZ235 in the BT474 and SKBR3 breast cancer cell lines with varying potency. Importantly, the data presented here show definite potentiation by PD0325901 of the inhibition of S6 phosphorylation produced by both PI3K inhibitors.
In contrast to effects on S6 phosphorylation, inhibition of AKT phosphorylation was somewhat less pronounced with no effect after a 24-h exposure to 1Â or 10Â the GI 50 concentration of either PI3K inhibitor in the HT29 cell line, and only at 10Â GI 50 concentration of GDC-0941 in the HCT116 cell line. This result is consistent with some previous studies where AKT phosphorylation had recovered by 24 h (Serra et al, 2008; Zitzmann et al, 2010) , whereas others have reported inhibition of AKT phosphorylation after 24 h but only when cells were serum starved and/or stimulated with IGF (Edgar et al, 2010; Santiskulvong et al, 2011) .
In comparison with S6 phosphorylation, higher concentrations of NVP-BEZ235 were required to inhibit 4EBP1 phosphorylation. Nevertheless, at 210 nM in the HCT116 cell line and 94 nM in the HT29 cell line, NVP-BEZ235 completely inhibited 4EBP1 phosphorylation consistent with the inhibition induced by 100 and 500 nM NVP-BEZ235 in the H929 and OPM-2 myeloma cell lines (Baumann et al, 2009 ). However, there was no additional inhibition of 4EBP1 phosphorylation when NVP-BEZ235 was combined with PD0325901. In contrast to NVP-BEZ235, GDC-0941 did not inhibit 4EBP1 phosphorylation at all, either alone or in combination with a MEK inhibitor, which suggests that the ability of NVP-BEZ235 to inhibit mTOR may be responsible for the inhibition of 4EBP1 phosphorylation. Consistent with this theory, the combination of GDC-0941 with KU0063794 inhibited the phosphorylation of both 4EBP1 and S6 to a similar extent to that of NVP-BEZ235 alone. Mechanistically, this theory is reinforced by examination of the PI3K/AKT pathway, as S6 and 4EBP1 are proximal substrates of mTORC1 that is downstream of PI3K.
To test the hypothesis that mTOR inhibition can impair the synergy of PI3K and MEK inhibitors, increasing concentrations of the mTORC1/2 inhibitor KU0063794 were added to the GDC-0941/ PD0325901 combination. As predicted, the addition of KU0063794 was found to decrease the synergy of the GDC-0941 and PD0325901 combination; and these data suggest that by inhibiting 4EBP1 phosphorylation and thus preventing the synthesis of proteins that negatively regulate cell-cycle progression, the synergy seen with PI3K/MEK inhibitor combinations is compromised. In contrast, a more selective PI3K inhibitor, such as GDC-0941, is more strongly synergistic in combination with a MEK inhibitor. Additionally, the synergy in the combination of GDC-0941 with a MEK inhibitor may be due to the convergence of the MAPK and PI3K pathways at the level of TSC2, which leads to increased mTORC1 inhibition, whereas the dual PI3K/mTOR inhibitor NVP-BEZ235 is already potently inhibiting mTORC1; and thus, the synergy with a MEK inhibitor is not realised to the same extent.
In conclusion, these studies confirm that dual targeting of PI3K and MEK can induce synergistic growth inhibition. However, despite the dual mTOR/PI3K inhibitor NVP-BEZ235 being more potent as a single agent than the specific PI3K inhibitor GDC-0941, the combination of GDC-0941 with either MEK inhibitor was more synergistic than the combination with NVP-BEZ235.
